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ABSTRACT
Context. The physical state of cold cloud clumps has a great impact on the process and efficiency of star formation and the masses
of the forming stars inside these objects. The sub-millimetre survey of the Planck space observatory and the far-infrared follow-up
mapping of the Herschel space telescope provide an unbiased, large sample of these cold objects.
Aims. We have observed 12CO(1−0) and 13CO(1−0) emission in 35 high-density clumps in 26 Herschel fields sampling different
environments in the Galaxy. We derive the physical properties of the objects and estimate their gravitational stability.
Methods. The densities and temperatures of the clumps were calculated from both the dust continuum and the molecular line data.
Kinematic distances were derived using 13CO(1−0) line velocities to verify previous distance estimates and the sizes and masses of
the objects were calculated by fitting 2D Gaussian functions to their optical depth distribution maps on 250 µm. The masses and virial
masses were estimated assuming an upper and lower limit on the kinetic temperatures and considering uncertainties due to distance
limitations.
Results. The derived excitation temperatures are between 8.5−19.5 K, and for most clumps between 10−15 K, while the Her-
schel-derived dust colour temperatures are more uniform, between 12−16 K. The sizes (0.1−3 pc), 13CO column densities
(0.5−44× 1015 cm−2) and masses (from less than 0.1 M to more than 1500 M) of the objects all span broad ranges. We provide
new kinematic distance estimates, identify gravitationally bound or unbound structures and discuss their nature.
Conclusions. The sample contains objects on a wide scale of temperatures, densities and sizes. Eleven gravitationally unbound clumps
were found, many of them smaller than 0.3 pc, but large, parsec-scale clouds with a few hundred solar masses appear as well. Colder
clumps have generally high column densities but warmer objects appear at both low and higher column densities. The clump column
densities derived from the line and dust observations correlate well, but are heavily affected by uncertainties of the dust properties,
varying molecular abundances and optical depth effects.
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1. Introduction
The properties of star formation and the parameters of the form-
ing young stars depend on the initial conditions within the
molecular cloud they are located in. A large sample of different
star forming environments have to be examined to investigate
the connection between the physical parameters (density and
temperature structure, turbulence, kinematics) of a star-forming
clump, its star formation efficiency and the properties of the
forming stars.
The Planck telescope (Tauber et al. 2010) mapped the whole
sky in nine frequency bands covering 30-857 GHz with high sen-
sitivity and angular resolution (below 5 ′ at the highest frequen-
cies) and found many cold and dense regions in the Galaxy. The
Early Cold Cores catalogue (ECC; Planck Collaboration et al.
2011a) contains the 915 most reliable detections of these cold
structures. A statistical analysis of the properties of the whole
catalogue of more than 10 000 sources (C3PO: Cold Clump Cat-
alogue of Planck Objects) was performed by Planck Collabora-
tion et al. (2011b). Most of these objects proved to be parsec-
scale so-called clumps that are likely to contain one or several
cores in the early stages of pre-stellar or protostellar evolution.
However, we can find a broad range of other objects among the
C3PO sample, from low-mass, individual cores to large cloud
complexes. Based on the Planck observations, the H2 column
densities of the objects are between 1020−1023 cm−2, the dust
temperatures vary between 7 and 19 K and most objects are lo-
cated closer than 2 kpc. The catalogue was further improved us-
ing the full Planck survey and the Planck Catalogue of Galactic
Cold Clumps (PGCC; Planck Collaboration et al. 2016) was re-
leased, containing 13 188 sources.
The Herschel Open Time Key Programme Galactic Cold
Cores (GCC) selected Planck C3PO objects to observe with the
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Table 1. The observed clumps.
GCC ID clump RA (J2000) DEC (J2000)
[hh:mm:ss] [dd:mm:ss]
G26.34+8.65 A 18:08:35.8 -01:49:55.4
G37.49+3.03 A 18:48:55.8 +05:27:01.8
B 18:49:09.4 +05:37:33.2
G37.91+2.18 A 18:52:53.4 +05:25:10.8
B 18:53:31.5 +05:25:29.8
G39.65+1.75-1 A 18:57:02.5 +06:58:22.4
B 18:57:30.7 +06:48:23.8
G62.16-2.92 A 19:59:49.8 +24:13:59.7
G69.57-1.74-1 A 20:13:32.6 +31:21:52.4
B 20:13:05.8 +31:18:23.4
G70.10-1.69-1 A 20:14:35.4 +31:57:26.6
B 20:14:07.7 +31:38:29.2
G71.27-11.32 A 20:53:20.6 +26:52:00.9
G91.09-39.46 A 23:10:30.3 +17:05:32.4
G95.76+8.17-1 A 20:56:49.9 +58:01:35.1
B 20:57:52.6 +58:06:48.2
G109.18-37.59 A 00:03:48.9 +23:58:47.0
G110.62-12.49-1 A 23:38:02.1 +48:35:15.8
G115.93+9.47 A 23:23:52.6 +71:08:45.5
B 23:24:25.2 +71:11:03.8
G116.08-2.40-1 A 23:56:45.0 +59:42:20.0
G126.24-5.52 A 01:15:46.8 +57:12:45.3
G139.60-3.06-1 A 02:50:21.6 +55:50:53.6
G141.25+34.37 A 08:48:35.8 +72:43:10.2
G159.12-14.30 A 03:50:31.9 +35:40:50.9
G159.23-34.51-1 A 02:56:00.5 +19:26:17.7
C 02:57:49.6 +19:23:25.2
G171.35-38.28 A 03:18:15.4 +10:17:58.2
G174.22+2.58 A 05:41:34.5 +35:10:25.6
B 05:40:28.0 +35:04:56.4
G188.24-12.97-1 A 05:16:28.3 +15:08:52.9
G189.51-10.41-1 A 05:29:07.3 +15:30:53.6
G195.74-2.29 A 06:10:58.5 +14:09:26.2
G203.42-8.29-1 A 06:04:19.1 +04:11:43.4
G205.06-6.04-1 A 06:16:04.3 +04:00:47.3
Notes. The columns are: (1) ID of the Herschel field; (2) ID of the
clumps (column density peaks) on the Herschel field classified from the
highest column density (A) to the lowest (C); (3,4) equatorial coordi-
nates of the clump.
Herschel PACS and SPIRE instruments in the 60−500 µm wave-
length range (Poglitsch et al. 2010; Griffin et al. 2010). During
the survey 116 fields (390 individual Planck cold clumps) were
mapped, providing a representative cross-section of the Planck
clump population regarding their Galactic position, dust colour
temperature and mass. The higher spatial resolution (down to
7′′ at 100 µm) of Herschel (Pilbratt et al. 2010) revealed the
structures of the cold sources, and often individual cores were
resolved as well. The shorter wavelength observations help to
determine the physical characteristics of the objects. Juvela
et al. (2012) investigated the morphology and parameters of the
clumps in 71 fields observed by Herschel, deriving column den-
sities and dust temperatures and found that about half of the
fields are associated with active star formation. Most of the ex-
amined cloud structures were filamentary, but they occasionally
show cometary and compressed shapes. A catalogue of sub-
millimetre sources on all 116 fields in the programme was built
by Montillaud et al. (2015). They derived the general proper-
ties of the fields, separated starless sources from those contain-
ing protostellar objects and provided distance estimates for the
observed clouds with uncertainties and reliability flags. Juvela
et al. (2015b) investigated the variations and systematic errors
of sub-millimetre dust opacity estimates relative to near-infrared
optical depths. They found that the ratio of the two values cor-
relates with Galactic location and star formation activity and
the sub-millimeter opacity increases in the densest and coldest
regions. Juvela et al. (2015a) determined that the dust opacity
spectral index anti-correlates with temperature, correlates with
column density and is lower closer to the Galactic plane. Al-
though the results are affected by various error sources and the
used data sets, they are robust concerning the observing wave-
length and the detected spatial variations. A statistical survey of
filaments was performed by Rivera-Ingraham et al. (2016) where
they extracted, fitted and characterized filaments on the GCC
fields. They found that their linear mass density is connected
to the local environment which supports the accretion-based fil-
ament evolution theory (Arzoumanian et al. 2011; Palmeirim
et al. 2013). According to a survey by Tóth et al. (2016) about
30% of the Taurus-Auriga-Perseus PGCC clumps have associ-
ated YSOs. The Planck clumps also form massive clusters as
shown by Tóth et al. (2017). Zahorecz et al. (2016) tested a num-
ber of Planck clumps massive enough to form high-mass stars
and star clusters since they exceed the empirical threshold for
massive star formation. Seven of those clumps are without asso-
ciated YSOs.
Studies of molecular line emission in these cold clumps and
cores provide mass and stability estimates and information about
their kinematics. Wu et al. (2012) carried out a 12CO(1−0),
13CO(1−0) and C18O(1−0) single pointing survey towards 674
ECCs, estimating kinematic distances and column densities. Ad-
ditionally they mapped 10 fields and found 22 cores of which 7
are gravitationally bound. Meng et al. (2013) mapped 71 ECCs
from this previous sample and derived excitation temperatures,
column densities and velocity dispersions. They identified 38
cores: 90% of them are starless and the majority are gravitation-
ally unbound. Their dust temperatures were usually higher than
the gas temperatures. Parikka et al. (2015) observed 12CO(1−0),
C18O(1−0) and N2H+(1−0) lines in 21 cold clumps in 20 Her-
schel fields, calculated clump masses and densities from both the
dust continuum and molecular line data and found them to be in
reasonable agreement. They also derived 13CO and C18O rela-
tive abundances with radiative transfer modelling of two clumps.
They conclude that most cold clumps are not necessarily pre-
stellar. There was also a CO mapping survey of 96 ECCs in the
second quadrant of the Galaxy by Zhang et al. (2016) to de-
rive temperatures, densities and velocity dispersions. The two
PGCCs in the well-known dense filament TMC-1 were observed
in NH3(1,1) and (2,2) to investigate the structure of the cloud
(Fehér et al. 2016) and extended ammonia surveys on several
Herschel fields were also carried out to constrain their tempera-
ture, density and velocity structure (Tóth et al. 2017 in prep.).
We selected 26 fields from the GCC sample, where no high
spectral resolution observations of 12CO(1−0) and 13CO(1−0)
emission were made before. The molecular emission was ob-
served at the positions of the Herschel-based column density
maxima using a five point cross and a single pointing, respec-
tively. The goal of this paper is to extend the statistical charac-
terization of the Herschel-detected clumps and cores using this
new molecular line survey. We analyse the correlation between
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Table 2. Parameters of the 12CO(1−0) and 13CO(1−0) lines at the centre of each clump.
clump ID L W
12CO v
12CO
LSR ∆v
12CO T
12CO
MB W
13CO v
13CO
LSR ∆v
13CO T
13CO
MB
[Kkms−1] [kms−1] [kms−1] [K] [Kkms−1] [kms−1] [kms−1] [K]
G26.34-A 1 9.9 ± 1.2 11.02 ± 0.10 1.7 ± 0.3 5.3 ± 2.2 2.5 ± 0.2 11.28 ± 0.02 0.49 ± 0.04 4.8 ± 0.8
G37.49-A 1 27.7 ± 1.5 15.49 ± 0.06 2.0 ± 0.1 12.7 ± 2.9 5.7 ± 0.3 15.42 ± 0.03 1.08 ± 0.06 4.9 ± 0.7
G37.49-B 1 ... ... ... ... 3.1 ± 0.3 15.82 ± 0.04 0.79 ± 0.10 3.7 ± 0.9
G37.91-A 1 36.4 ± 1.3 34.37 ± 0.07 4.0 ± 0.2 8.6 ± 1.9 8.4 ± 0.4 34.23 ± 0.04 1.93 ± 0.10 4.1 ± 0.7
G37.91-B 1 ... ... ... ... 5.1 ± 0.3 35.16 ± 0.03 1.05 ± 0.10 4.5 ± 0.8
G39.65-A 1 ... ... ... ... 24.3 ± 0.5 29.96 ± 0.03 2.79 ± 0.06 8.2 ± 0.8
G39.65-B 1 ... ... ... ... 14.0 ± 0.2 28.56 ± 0.07 2.71 ± 0.07 4.8 ± 0.7
2 ... ... ... ... 11.6 ± 0.2 31.61 ± 0.07 2.04 ± 0.07 5.4 ± 0.7
G62.16-A 1 ... ... ... ... 2.2 ± 0.2 13.08 ± 0.04 0.83 ± 0.13 2.5 ± 0.6
G69.57-A 1 44.1 ± 1.4 12.50 ± 0.08 5.1 ± 0.2 8.1 ± 1.7 16.1 ± 0.5 12.54 ± 0.05 3.16 ± 0.10 4.8 ± 0.7
G69.57-B 1 15.3 ± 2.1 10.03 ± 0.03 1.3 ± 0.1 11.0 ± 1.5 13.8 ± 0.3 11.15 ± 0.03 2.29 ± 0.07 5.7 ± 0.5
2 43.3 ± 2.9 12.16 ± 0.14 4.2 ± 0.3 9.6 ± 1.5 3.5 ± 0.2 13.49 ± 0.02 0.87 ± 0.06 3.8 ± 0.5
G70.10-A 1 96.3 ± 1.5 11.05 ± 0.05 5.6 ± 0.1 16.1 ± 1.7 26.1 ± 0.5 11.35 ± 0.03 3.31 ± 0.07 7.4 ± 0.7
G70.10-B 1 ... ... ... ... 16.7 ± 0.3 14.75 ± 0.03 3.09 ± 0.07 5.1 ± 0.5
G71.27-A 1 3.6 ± 0.5 6.01 ± 0.03 0.4 ± 0.1 8.9 ± 2.2 0.7 ± 0.1 5.94 ± 0.02 0.28 ± 0.09 2.4 ± 0.5
G91.09-A 1 40.0 ± 1.9 -4.82 ± 0.11 4.7 ± 0.3 8.1 ± 2.2 2.9 ± 0.2 -4.66 ± 0.04 0.95 ± 0.09 2.9 ± 0.6
G95.76-A 1 18.1 ± 0.9 -0.12 ± 0.07 2.6 ± 0.1 6.4 ± 1.5 6.8 ± 0.5 0.20 ± 0.07 1.74 ± 0.14 3.7 ± 1.0
G95.76-B 1 29.9 ± 0.9 -0.28 ± 0.05 3.2 ± 0.1 8.9 ± 1.4 7.7 ± 0.5 -0.39 ± 0.06 1.87 ± 0.12 3.9 ± 0.9
G109.18-A 1 9.5 ± 0.8 -4.09 ± 0.05 1.2 ± 0.1 7.5 ± 1.9 1.2 ± 0.2 -4.09 ± 0.04 0.51 ± 0.08 2.3 ± 0.7
G110.62-A 1 10.7 ± 0.4 -7.86 ± 0.02 1.0 ± 0.0 10.4 ± 1.2 5.0 ± 0.1 -7.89 ± 0.01 0.66 ± 0.02 7.2 ± 0.4
G115.93-A 1 41.6 ± 2.0 -2.56 ± 0.07 3.1 ± 0.2 12.5 ± 3.0 9.7 ± 0.4 -3.45 ± 0.03 1.48 ± 0.07 6.2 ± 0.8
G115.93-B 1 ... ... ... ... 4.0 ± 0.2 -4.02 ± 0.02 0.58 ± 0.04 6.4 ± 0.8
G116.08-A 1 16.5 ± 0.7 -0.96 ± 0.05 2.3 ± 0.1 6.8 ± 1.3 5.2 ± 0.4 -0.60 ± 0.05 1.28 ± 0.12 3.8 ± 0.9
G126.24-A 1 18.7 ± 2.6 -16.50 ± 0.21 2.8 ± 0.3 6.2 ± 4.4 0.9 ± 0.2 -16.98 ± 0.04 0.37 ± 0.08 2.2 ± 0.7
G139.60-A 1 101 ± 1.2 -32.44 ± 0.02 3.4 ± 0.1 28.3 ± 1.8 27.1 ± 0.7 -32.62 ± 0.04 2.65 ± 0.08 9.6 ± 1.1
G141.25-A 1 10.1 ± 0.6 0.86 ± 0.04 1.5 ± 0.1 6.5 ± 1.2 1.1 ± 0.2 0.72 ± 0.03 0.47 ± 0.10 2.1 ± 0.6
G159.12-A 1 14.3 ± 1.1 15.84 ± 0.04 1.0 ± 0.1 14.0 ± 2.8 2.7 ± 0.1 15.92 ± 0.01 0.45 ± 0.02 5.5 ± 0.6
G159.23-A 1 46.1 ± 1.7 -4.43 ± 0.10 5.3 ± 0.2 8.2 ± 2.0 7.7 ± 0.5 -5.54 ± 0.03 0.90 ± 0.07 8.0 ± 1.4
G159.23-C 1 18.2 ± 0.8 -1.28 ± 0.04 1.8 ± 0.1 9.7 ± 1.7 5.8 ± 0.3 -1.50 ± 0.02 0.87 ± 0.06 6.3 ± 0.9
G171.35-A 1 10.1 ± 0.7 6.76 ± 0.03 0.9 ± 0.1 10.0 ± 1.7 0.9 ± 0.2 6.59 ± 0.06 0.55 ± 0.15 1.6 ± 0.6
G174.22-A 1 35.0 ± 1.7 -21.87 ± 0.07 3.3 ± 0.2 10.0 ± 2.0 10.8 ± 0.2 -22.09 ± 0.02 1.64 ± 0.04 6.2 ± 0.5
G174.22-B 1 14.8 ± 0.8 -12.70 ± 0.07 2.3 ± 0.1 5.9 ± 1.4 7.4 ± 0.3 -12.91 ± 0.03 1.57 ± 0.07 4.4 ± 0.6
G188.24-A 1 13.7 ± 0.7 1.47 ± 0.03 1.2 ± 0.1 10.8 ± 1.7 1.0 ± 0.2 1.50 ± 0.04 0.57 ± 0.09 1.7 ± 0.5
2 7.6 ± 0.6 6.44 ± 0.03 0.8 ± 0.1 9.4 ± 1.7 1.7 ± 0.1 6.44 ± 0.02 0.42 ± 0.04 3.7 ± 0.5
G189.51-A 1 17.0 ± 1.0 9.06 ± 0.07 2.4 ± 0.1 6.7 ± 1.8 3.6 ± 0.3 9.36 ± 0.03 0.84 ± 0.08 4.1 ± 0.8
G195.74-A 1 57.8 ± 1.0 4.33 ± 0.02 2.7 ± 0.1 19.9 ± 1.6 21.6 ± 0.5 4.17 ± 0.02 1.98 ± 0.04 10.3 ± 0.9
G203.42-A 1 17.5 ± 1.3 11.72 ± 0.06 1.7 ± 0.1 9.8 ± 2.5 6.1 ± 0.3 11.60 ± 0.02 0.83 ± 0.04 6.9 ± 0.9
G205.06-A 1 19.9 ± 1.4 11.13 ± 0.07 1.9 ± 0.2 9.6 ± 3.8 6.8 ± 0.4 11.33 ± 0.03 0.98 ± 0.06 6.5 ± 1.1
Notes. The columns are: (1) ID of the clump; (2) number of the velocity component; (3) integrated intensity of the 12CO(1−0) line; (4) central ve-
locity of the 12CO(1−0) line; (5) 12CO(1−0) linewidth; (6) 12CO(1−0) peak main beam brightness temperature; (7,8,9,10) the same line parameters
for 13CO(1−0).
dust and molecular emission, determine the kinematic distances
of individual clumps, estimate excitation temperatures, column
densities and masses, and assess the stability of the clumps.
2. Observations and data analysis
2.1. The selected clumps
We have selected 35 clumps in 26 Herschel GCC fields where no
high spectral resolution molecular line observations were per-
formed before. Each of our fields includes one or two PGCCs
that often break up into several clumps embedded in cometary
or filamentary structures in the far-infrared. Our clumps were de-
fined as areas in the Herschel-based column density maps with
a peak H2 column density of N(H2)dust > 1021 cm−2 (AV > 1.4).
The fields are located between -30◦ and 10◦ Galactic latitudes,
but not closer than approximately 2◦ to the Galactic plane. Seven
ECCs coinciding with one or two of our clumps were observed
during earlier surveys (Wu et al. 2012; Zhang et al. 2016) but
the observations discussed in this paper have clear advantages.
The previous measurements were based on Planck maps and
might have missed the actual clumps or cores, while this sam-
ple is based on Herschel observations that have higher spatial
resolution that ensures accurate pointing at the column density
maxima. Our selection is not restricted to certain star-forming
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regions, we sample many different environments throughout the
Galaxy. Due to higher spectral and spatial resolution we can
compare the derived parameters with observations of the dust
continuum by Herschel. Together with the work by Parikka et al.
(2015) the survey of the main clumps in all GCC fields observ-
able from the Onsala Space Observatory is completed.
We note that many of our selected objects may be in fact
much larger than traditional gravity-bound cores, since depend-
ing on the distance our resolution will correspond to larger struc-
tures. Bergin & Tafalla (2007) defined clumps as dense conden-
sations with masses of 50−500 M, sizes of 0.3−3 pc, and den-
sities of 103−104 cm−3. Cores have masses of 0.5−5 M, sizes
of 0.03−0.2 pc and an order of magnitude larger densities. Some
of our objects might be individual cores, others larger clumps
containing unresolved cores. In this paper all of our sources are
referred to as clumps.
2.2. Molecular line observations
The 12CO(1−0) and 13CO(1−0) observations were carried out
in January 14-16, 2014, using the 20-m telescope of the On-
sala Space Observatory (OSO) in Sweden. The observations
were completed using a SIS-mixer and two correlators simul-
taneously: the RCC (Radio Camera Correlator) and the FFTS
(Fast Fourier Transform Spectrometer). The RCC was used with
a bandwidth of 40 MHz and a spectral resolution of 25 kHz and
the FFTS with a bandwidth of 100 MHz and a spectral resolution
of 12.2 kHz. Both instruments were centred on 115.271 GHz to
observe 12CO(1−0) and on 110.201 GHz to observe 13CO(1−0).
The FFTS also measured two polarisation directions simultane-
ously.
The centre position of each clump in our sample was de-
fined as the position of the local peak on the Herschel-based
column density map (see Sect. 2.4) with an accuracy of 10 ′′.
We first observed a single 12CO(1−0) spectrum at the centre of
the clumps, then completed a 5-point cross through them with a
spacing of 33 ′′ (the half power beamwidth on this frequency).
The 12CO(1−0) observations were made with position switching
mode (PSW) and their reference positions were chosen by select-
ing low flux areas on IRAS 100 µm maps inside the 1◦ radius of
the centre of the clumps. The resulting spectrum from the PSW
observations was an on-off spectrum, which is the reference po-
sition spectrum subtracted from the spectrum observed on target.
After this a single 13CO(1−0) spectrum towards the clump cen-
tre was observed with frequency switching mode (FSW) with
a frequency throw of 7.5 MHz. The integration time was cho-
sen to result in an antenna temperature rms noise of 0.3 K on the
12CO(1−0) spectra and 0.1 K on the 13CO(1−0) spectra. The typ-
ical integration time was 8 minutes/position. The telescope has
a pointing accuracy of 3′′. The pointing and focus was regularly
checked during the observation with bright SiO masers (R Cas,
TX Cam, S UMi).
Before measuring the PSW spectra on the targets, each ref-
erence position was observed by taking a single FSW spectrum
to check for contamination. If a line was found in the reference
spectrum, it was then added to the observed spectrum at the tar-
get. This correction occasionally resulted in other lines appear-
ing at separate velocities on the final spectra, originating from
CO emission on the reference positions (e.g. emission around
26.3 kms−1 in G37.49-A). We exclude these lines from our anal-
ysis. Furthermore, both the PSW and FSW spectra were checked
for telluric lines but no contamination was found.
The data were reduced with the software package GILDAS
CLASS1 (version: aug15b). The calibration was performed with
the chopper wheel method, and the conversion of antenna tem-
perature to main beam brightness temperature (TMB) was made
dividing the spectra with the main beam efficiency at 115 GHz
measured at the time of each observation (this value was in the
range of 0.33-0.47, depending on the observing elevation). The
baselines of all 12CO(1−0) PSW spectra were modelled with sec-
ond or third order polynomials and subtracted. The two polarisa-
tion directions measured with the FFTS were averaged together
weighted by noise, then the spectra measured on each of the 5
positions of the 5-point cross were averaged together weighted
by noise. The 13CO(1−0) FSW spectra were first folded, the
baselines were modelled with second or third order polynomials
and subtracted. The measurements on each position were aver-
aged together weighted by noise. Due to its higher spectral reso-
lution and problems with the response of the RCC during some
measurements, only the data from the FFTS instrument are pre-
sented in this paper.
We observed 35 clumps in 26 Herschel GCC fields in total;
we name the clumps on a field with the abbreviated ID of the
GCC and an A, B or C affix, from the one with the highest peak
N(H2)dust to the lowest. 13CO(1−0) emission was measured in
35 clumps and 12CO emission was measured in only 28 clumps
due to time constraints. In 16 fields all the clumps with peak
N(H2)dust above the selected 1021 cm−2 column density threshold
were observed in one or both transitions and in 10 fields only the
clump with the highest peak N(H2)dust has measurements. Two
clumps were dropped because of emission found on the refer-
ence position and a missing FSW observation on that position.
Table 1 lists the observed clumps.
2.3. Analysis of the molecular line data
2.3.1. Temperature and density calculations
The 12CO(1−0) and 13CO(1−0) lines at each observed position
were fitted with a Gaussian line profile to obtain the peak main
beam brightness temperature TMB, the line centre velocity in the
Local Standard of Rest frame vLSR, and the linewidth ∆v. The cal-
culation of the excitation temperature T ex and the 13CO column
density N(13CO) at the centre of each clump were performed ac-
cording to the method described by Rohlfs & Wilson (1996).
Expressing the radiative transfer equation with the measured
main beam brightness temperature, we obtain
TMB(ν) = T 0
(
1
eT 0/T ex − 1 −
1
eT 0/2.7 − 1
)
(1 − e−τν ), (1)
where T0 = hν/kB and we assume a beam filling factor of 1 since
the sources are extended clouds. Assuming that the 12CO(1−0)
emission is optically thick, the excitation temperature can be cal-
culated with
T ex =
5.5 K
ln
[
1 +
(
5.5 K
TMB
12CO+0.82 K
)] (2)
where 5.5 K = hν(12CO)/kB. In the case of a local thermody-
namic equilibrium (LTE) and an isothermal medium (assuming
that T ex is uniform for all molecules along the line of sight in the
J = 1−0 transition and for all different isotopic species, and that
1 http://www.iram.fr/IRAMFR/GILDAS
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Table 3. The calculated physical parameters of the clumps.
clump ID L T ex N(13CO)l N(13CO)u T dust N(H2)dust
[K] [1015 cm−2] [K] [1021 cm−2]
G26.34-A 1 8.6 ± 1.4 2.5 ± 0.1 3.3 ± 0.2 12.8 ± 0.6 8.8 ± 1.5
G37.49-A 1 16.1 ± 1.0 5.9 ± 0.2 7.7 ± 0.3 15.1 ± 0.9 7.7 ± 1.5
G37.49-B 1 ... 2.6 ± 0.2 4.0 ± 0.4 15.3 ± 0.9 5.5 ± 1.0
G37.91-A 1 12.0 ± 0.9 7.5 ± 0.2 11.0 ± 0.5 14.0 ± 0.8 14.9 ± 2.7
G37.91-B 1 ... 4.9 ± 0.2 6.8 ± 0.4 14.7 ± 0.9 10.8 ± 2.0
G39.65-A 1 ... ... 36.9 ± 0.6 14.1 ± 0.8 22.8 ± 4.2
G39.65-B 1 ... 14.3 ± 0.1 18.9 ± 0.2 14.0 ± 0.8 21.8 ± 3.9
G39.65-B 2 ... 13.2 ± 0.1 16.0 ± 0.2
G62.16-A 1 ... 1.6 ± 0.2 2.7 ± 0.3 15.8 ± 1.0 3.0 ± 0.6
G69.57-A 1 11.4 ± 0.8 16.3 ± 0.3 21.7 ± 0.6 13.1 ± 0.7 33.1 ± 6.0
G69.57-B 1 14.4 ± 0.6 17.0 ± 0.2 19.2 ± 0.4 13.9 ± 0.8 22.3 ± 4.1
G69.57-B 2 13.0 ± 0.6 3.0 ± 0.1 4.6 ± 0.3
G70.10-A 1 19.5 ± 0.5 ... 38.4 ± 0.6 12.8 ± 0.6 29.3 ± 5.0
G70.10-B 1 ... 17.8 ± 0.2 22.6 ± 0.4 13.0 ± 0.7 23.3 ± 4.1
G71.27-A 1 12.2 ± 1.0 0.5 ± 0.1 0.9 ± 0.2 14.9 ± 0.9 0.8 ± 0.2
G91.09-A 1 11.4 ± 1.1 2.2 ± 0.2 3.7 ± 0.3 14.2 ± 0.8 1.3 ± 0.2
G95.76-A 1 9.8 ± 0.9 5.8 ± 0.3 8.8 ± 0.6 12.1 ± 0.5 13.1 ± 2.2
G95.76-B 1 12.2 ± 0.7 6.8 ± 0.3 10.1 ± 0.6 13.4 ± 0.7 5.6 ± 1.0
G109.18-A 1 10.8 ± 1.0 0.9 ± 0.1 1.5 ± 0.2 15.4 ± 1.0 0.6 ± 0.1
G110.62-A 1 13.8 ± 0.5 ... 7.4 ± 0.2 13.4 ± 0.7 5.9 ± 1.1
G115.93-A 1 15.9 ± 1.0 14.0 ± 0.2 13.7 ± 0.5 14.1 ± 0.8 4.7 ± 0.8
G115.93-B 1 ... 6.4 ± 0.2 5.7 ± 0.3 13.4 ± 0.7 4.2 ± 0.8
G116.08-A 1 10.1 ± 0.7 4.6 ± 0.3 6.8 ± 0.5 13.3 ± 0.7 9.3 ± 1.7
G126.24-A 1 9.5 ± 2.7 0.6 ± 0.1 1.1 ± 0.2 15.1 ± 0.9 1.5 ± 0.3
G139.60-A 1 31.8 ± 0.3 ... 43.9 ± 0.9 13.3 ± 0.7 19.6 ± 3.6
G141.25-A 1 9.8 ± 0.7 0.8 ± 0.1 1.3 ± 0.2 14.9 ± 0.9 0.8 ± 0.1
G159.12-A 1 17.4 ± 0.9 3.1 ± 0.1 3.7 ± 0.1 14.5 ± 0.8 2.5 ± 0.5
G159.23-A 1 11.5 ± 1.0 ... 11.7 ± 0.6 12.5 ± 0.6 14.5 ± 2.6
G159.23-C 1 13.1 ± 0.7 8.8 ± 0.2 8.3 ± 0.3 14.0 ± 0.8 4.4 ± 0.8
G171.35-A 1 13.4 ± 0.7 0.6 ± 0.1 1.1 ± 0.2 15.3 ± 1.0 1.1 ± 0.2
G174.22-A 1 13.4 ± 0.8 15.6 ± 0.2 15.2 ± 0.3 13.1 ± 0.7 15.2 ± 2.8
G174.22-B 1 9.2 ± 0.9 7.0 ± 0.2 9.8 ± 0.4 12.4 ± 0.6 11.0 ± 1.9
G188.24-A 1 14.2 ± 0.7 0.7 ± 0.1 1.3 ± 0.2 15.2 ± 0.9 2.3 ± 0.4
G188.24-A 2 12.7 ± 0.8 1.4 ± 0.1 2.2 ± 0.2
G189.51-A 1 10.0 ± 1.0 3.3 ± 0.2 4.8 ± 0.4 13.5 ± 0.7 4.2 ± 0.7
G195.74-A 1 23.4 ± 0.4 ... 36.1 ± 0.6 14.3 ± 0.8 40.2 ± 7.3
G203.42-A 1 13.2 ± 1.1 13.3 ± 0.2 8.8 ± 0.4 12.1 ± 0.6 7.9 ± 1.4
G205.06-A 1 13.0 ± 1.6 11.3 ± 0.3 9.7 ± 0.5 12.9 ± 0.6 6.6 ± 1.2
Notes. The columns are: (1) ID of the clump; (2) number of the velocity component; (3) excitation temperature; (4,5) N(13CO) lower and upper
limits; (6,7) Herschel-based dust colour temperature and H2 column density.
the 12CO(1−0) and 13CO(1−0) lines are emitted from the same
volume) and if the 13CO(1−0) emission is optically thin, the τ13
optical depth of 13CO(1−0) can be derived using
τ13 = − ln
1 − TMB13CO/5.3 K1/(e5.3 K/T ex − 1) − 0.16
 . (3)
The total column density of 13CO, N(13CO) can be calculated as
N(13CO) =
[
τ13
1 − e−τ13
]
3 × 1014 W
13CO
1 − e−5.3/T ex . (4)
where W
13CO is the integrated intensity of the 13CO(1−0) line.
Both T ex and N(13CO) were calculated from the fitted line pa-
rameters at the centre of each clump for all observed line com-
ponents. Since the excitation temperatures of most of our clumps
vary between 8.5 K and 19.5 K (see Sect. 3.2), we use these val-
ues to calculate the lower and upper limits of the 13CO column
density even for those clumps where we did not have 12CO ob-
servations thus could not calculate Tex. We adopt a [13CO]/[H2]
relative abundance of 10−6 found by Parikka et al. (2015) and
calculate the line-based hydrogen column densities N(H2)gas at
the centre of the clumps.
Although we assume optically thin 13CO emission, the opti-
cal depth of the lines can reach and even exceed unity in some
clumps. This results in systematically lower 13CO column den-
sity estimates. We investigated this with radiative transfer sim-
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Fig. 1. Correlation of N(H2) calculated from dust continuum and from
13CO(1−0) using a 13CO abundance of 10−6. The circles mark the
column densities derived from the excitation temperature estimates
(where 12CO measurements were available). The vertical error bars
show N(H2)gas lower and upper limits calculated using 8.5 and 19.5 K as
excitation temperature and the horizontal error bars are from the uncer-
tainty of the τ250 values in the centre of the clumps. The colours indicate
the dust colour temperature: blue is below 14 K and red is above 14 K.
Where only lower and upper limits of N(H2)gas could be calculated only
error bars are shown with the colour code. The dashed line indicates
N(H2)dust =N(H2)gas, the solid line is the linear fit to the plotted values
and the shaded area shows the 1σuncertainty range of this fit.
ulations using a series of spherically symmetric Bonnor-Ebert
models. Assuming a kinetic temperature of 12 K, we derive 12CO
and 13CO line profiles for model clouds that have 13CO col-
umn densities and turbulent linewidths similar to the observed
clumps. We estimate column densities from the synthetic obser-
vations and compared those with the actual values in the models.
We find that when τ13 is close to unity, we underestimate the true
column density by 20-40%, but the error is not likely to exceed
50% even when the optical depth is around 3. See the details of
this modeling in Appendix A.1.
2.3.2. Virial mass calculation
The virial mass of the clumps Mvir was determined using the
equation from MacLaren et al. (1988)
Mvir[M] = k2 R[pc] ∆v2H2 [kms
−1], (5)
where R is the effective radius of the clump (the root mean square
of the semi-major and semi-minor axes of the 2D Gaussian fit-
ted to it, see Sect. 2.4), ∆vH2 is the FWHM linewidth calculated
from the total velocity dispersion of H2 and k2 = 168 assuming
Gaussian velocity distribution and that the density varies with
the radius as ρ ∝ R−1.5.
The total velocity dispersion of H2 was calculated by adding
the turbulent velocity dispersion of the 13CO lines to the thermal
velocity dispersion of the hydrogen molecules as
σH2 =
√
kBTkin
mH2
+
∆v213CO8 ln 2 − kBTkinm13CO
, (6)
where Tkin is the kinetic temperature in the clump and mH2 and
m13CO are the masses of a H2 and a 13CO molecule. The veloc-
ity dispersion of H2 is then converted to FWHM linewidth by
multiplying it with
√
8 ln 2.
The temperature in Eq. 6 is the kinetic temperature which
does not necessarily equal to Tex in our objects. The two tem-
peratures are equal if the densities are high enough so that LTE
conditions hold. However, the two temperatures should gener-
ally vary within a similar interval, thus we adopt the same limit-
ing temperatures as before (8.5 K and 19.5 K) and calculate Mvir
lower and upper limits. We discuss the relationship between ki-
netic and excitation temperatures further in Sect. 4.1.
The linewidth uncertainty results in virial mass errors of less
than 1%, but optical depth effects of 13CO can lead to overesti-
mating the velocity dispersion and thus the virial masses. From
our radiative transfer modeling (see Appendix A.1) we deter-
mined that when τ13 is around 3 or less, the difference between
the observed and true FWHM values is 30% or less. Thus the
effect on virial masses is no more than a factor of two. The un-
certainty in the distance of the clump also affects the calculated
virial masses linearly (see Sect. 3.4).
2.4. Herschel observations
The selected Herschel GCC fields were mapped with the Her-
schel SPIRE instrument at 250, 350 and 500 µm in November-
December 2009 and May 2011. The observations were reduced
with the Herschel Interactive Processing Environment2 (HIPE)
v.12.0 using the official pipeline and the absolute zero point of
the intensity scale was determined using Planck maps comple-
mented by the IRIS version of the IRAS 100 µm data, as de-
scribed by Juvela et al. (2012). The resolution of the SPIRE maps
is 18 ′′, 25 ′′ and 37 ′′ at 250, 350 and 500 µm, respectively. The
calibration accuracy of the Herschel SPIRE data is expected to
be better than 7%. For our cold sources, spectral energy distribu-
tion (SED) fitting to the SPIRE bands 250-500 µm is sufficient
to determine the colour temperature to an accuracy better than
1 K (Juvela et al. 2012), corresponding to ∼20% column den-
sity uncertainty at 15 K. For warmer sources, the shorter wave-
length data would be necessary but in the case of cold sources
the addition of PACS data may bias the column density esti-
mates (Shetty et al. 2009a,b; Malinen et al. 2011; Juvela et al.
2013). Our method works well up to 20 K dust temperatures.
The Herschel SPIRE 250 and 350 µm intensity maps were
first convolved to the resolution of the 500 µm map (37′′). To
obtain T dust we fitted the SED at these three wavelengths in each
pixel with a modified blackbody function
Iν ∝ Bν(T dust)νβ, (7)
where Iν is the intensity at a frequency, B(T dust) is the Planck
function and the dust spectral index β had a value of 2, which
is consistent with observations of dense clumps (Juvela et al.
2015b,a). The dust optical depth τν0 was calculated using the
formula
Iν0 = Bν0 (T dust)(1 − e−τν0 ) ≈ B(T dust) × τν0 , (8)
where Iν0 is the observed intensity at ν0 = 1 200 GHz or λ0 =
250 µm. The equation assumes that the emission is optically thin
in the far infrared. For our sources, the estimated 250 µm opti-
cal depth is at most of the order of 10−2. We note that analysis
of thermal dust emission can lead to biased column density esti-
mates as studied and quantified for example by Malinen et al.
(2011); Juvela et al. (2013, 2015a); Pagani et al. (2015) and
Steinacker et al. (2016). Assuming an error of a factor of two,
2 http://herschel.esac.esa.int/hipe
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the 250 µm optical depth could be as high as 0.01, which is still
optically thin.
When converting optical depth to column density the sub-
millimetre dust opacity is likely to be a large source of uncer-
tainty, because the values may increase by a factor of a few from
diffuse clouds to dense cores. Therefore, to make the conversion
between submillimetre opacity and total gas mass, we make use
of the new empirical result by Juvela et al. (2015b), where the
ratio τ250/τJ, where τJ is the optical depth in the J-band, was
found to be on average 1.6× 10−3 in dense clumps. The ratio
between τJ and total gas mass is a well-characterised quantity
that (unlike sub-millimetre opacity) does not significantly vary
from region to region. Thus the N(H2) hydrogen column density
is calculated using the ratio τJ/N(H) = 1.994× 10−22 for an ex-
tinction curve with RV = 5.5 (Draine 2003). The difference in the
column density values when using RV = 3.1 is less than 30%.
For the mass calculation we first fitted 2D Gaussian functions
to the clumps on the τ250 maps to determine their size and orien-
tation. The resulting parameters were the maximum τ250 value,
the standard deviations of the fitted 2D Gaussian σx and σy, and
the position angle PA (the angle between the celestial Equator
and the major axis of the clump, counted counter-clockwise).
The total number of H2 molecules, cH2 in the clumps was calcu-
lated as
cH2 = 2pi
FWHMxFWHMy√
8 ln 2
N(H2)max, (9)
where N(H2)max is the peak column density of the clump from
the 2D Gaussian fitting and FWHMx and FWHMy are the
full-width at half-maximum sizes of the clump and can be de-
rived from the standard deviation with FWHM =
√
8 ln 2σ. The
FWHM sizes were converted from arcminutes to centimeters,
thus accounting for the distances of the clumps. The mass of
each clump Mclump was then calculated as
Mclump = cH2mHµ, (10)
where mHµ with µ= 2.8 is the mean molecular mass per H2
molecule. As we later discuss the dominant error in Mclump orig-
inates from the uncertainties of the clump distances and not the
uncertainty of τ250.
3. Results
3.1. Velocities and linewidths
Lines with two velocity components were found in 2 clumps,
G69.57-B and G188.24-A, where both the 12CO(1−0) and
13CO(1−0) spectra showed two peaks. Additionally, G39.65-B
which only has 13CO(1−0) measurements, shows a double peak
as well. In other cases, such as G70.10-A or G110.62-A, the mul-
tiple peaks might be caused by the self-absorption of the emis-
sion. All the lines were detected with S/N > 3 (at 0.07 kms−1
velocity resolution) in the centre of the clumps, except for
G26.34-A, where S/N = 1.8 for 12CO(1−0) and S/N = 1.4 for
13CO(1−0), for G126.24-A, where S/N = 2.3 for 13CO(1−0) and
for G171.35-A, where S/N = 2.5 for 13CO(1−0). The parameters
of the Gaussian functions fitted to the lines in the centre of each
clump are given in Table 2 and the spectra of both CO species
in the centre of each observed clump are plotted in Fig. C.1–C.5
with their fitted Gaussian profiles.
Table 4. The results of the 2D Gaussian fit to the continuum maps of
the clumps.
clump ID FWHMx FWHMy PA N(H2)max
[arcmin] [arcmin] [deg] [1021 cm−2]
G26.34-A 1.79 ± 0.05 1.70 ± 0.04 44.6 ± 20.3 6.46 ± 0.21
G37.49-A 2.88 ± 0.27 2.01 ± 0.12 114.9 ± 4.9 3.69 ± 0.16
G37.49-B 1.54 ± 0.18 1.12 ± 0.12 83.9 ± 10.6 2.31 ± 0.27
G37.91-A 1.42 ± 0.29 0.89 ± 0.06 124.8 ± 6.6 9.04 ± 1.12
G37.91-B 1.95 ± 0.18 0.91 ± 0.06 112.8 ± 3.1 5.22 ± 0.42
G39.65-A 2.43 ± 0.12 1.03 ± 0.05 101.4 ± 1.7 13.86 ± 0.79
G39.65-B 1.52 ± 0.11 1.34 ± 0.19 77.3 ± 26.4 10.95 ± 0.81
G39.65-B 1.52 ± 0.11 1.34 ± 0.19 77.3 ± 26.4 10.95 ± 0.81
G62.16-A 2.30 ± 2.81 1.72 ± 1.20 20.1 ± 31.6 0.59 ± 0.49
G69.57-A 2.31 ± 0.10 1.25 ± 0.04 87.4 ± 1.5 19.21 ± 0.83
G69.57-B 1.38 ± 0.07 1.12 ± 0.05 129.5 ± 7.6 14.88 ± 0.90
G69.57-B 1.38 ± 0.07 1.12 ± 0.05 129.5 ± 7.6 14.88 ± 0.90
G70.10-A 4.52 ± 0.29 1.16 ± 0.04 168.8 ± 0.8 17.00 ± 0.70
G70.10-B 3.28 ± 0.21 1.12 ± 0.05 15.1 ± 1.4 14.52 ± 0.69
G71.27-A 4.55 ± 0.23 2.44 ± 0.08 147.2 ± 1.5 0.57 ± 0.01
G91.09-A 2.71 ± 0.15 1.56 ± 0.06 27.4 ± 1.7 0.87 ± 0.03
G95.76-A 2.16 ± 0.09 1.08 ± 0.03 83.0 ± 1.6 9.64 ± 0.38
G95.76-B 2.47 ± 0.12 1.35 ± 0.06 125.1 ± 2.5 3.28 ± 0.15
G109.18-A 3.22 ± 0.16 1.63 ± 0.10 179.3 ± 2.3 0.29 ± 0.01
G110.62-A 2.20 ± 0.07 1.37 ± 0.04 128.6 ± 1.5 4.74 ± 0.16
G115.93-A 4.42 ± 0.30 1.36 ± 0.06 42.5 ± 0.9 2.73 ± 0.10
G115.93-B 2.73 ± 0.09 1.90 ± 0.10 15.2 ± 4.3 2.58 ± 0.08
G116.08-A 1.91 ± 0.08 1.68 ± 0.06 91.3 ± 10.0 5.73 ± 0.21
G126.24-A 4.73 ± 9.75 1.60 ± 0.30 23.9 ± 4.1 0.51 ± 0.06
G139.60-A 1.77 ± 0.05 1.29 ± 0.04 93.3 ± 2.7 15.80 ± 0.58
G141.25-A 2.88 ± 0.28 0.84 ± 0.05 105.9 ± 2.0 0.38 ± 0.03
G159.12-A 2.48 ± 0.08 1.02 ± 0.03 50.4 ± 0.9 1.86 ± 0.07
G159.23-A 2.43 ± 0.18 1.24 ± 0.07 53.7 ± 2.7 8.70 ± 0.38
G159.23-C 2.65 ± 0.14 2.30 ± 0.11 131.3 ± 10.4 2.52 ± 0.08
G171.35-A 2.94 ± 2.45 1.61 ± 1.44 23.7 ± 16.5 0.28 ± 2.07
G174.22-A 3.21 ± 0.13 1.15 ± 0.04 106.7 ± 0.8 10.86 ± 0.42
G174.22-B 2.40 ± 0.10 1.12 ± 0.05 135.1 ± 1.3 7.35 ± 0.29
G188.24-A 1.87 ± 0.08 1.46 ± 0.05 37.5 ± 6.3 1.47 ± 0.07
G188.24-A 1.87 ± 0.08 1.46 ± 0.05 37.5 ± 6.3 1.47 ± 0.07
G189.51-A 1.36 ± 0.08 0.72 ± 0.04 174.1 ± 2.9 3.01 ± 0.22
G195.74-A 1.67 ± 0.06 1.15 ± 0.04 30.0 ± 2.3 28.93 ± 1.20
G203.42-A 1.52 ± 0.11 1.14 ± 0.17 153.3 ± 12.7 5.59 ± 0.42
G205.06-A 2.92 ± 0.12 1.48 ± 0.07 155.4 ± 1.6 3.73 ± 0.13
Notes. The columns are: (1) ID of the clump; (2,3) FWHM of the 2D
Gaussian; (4) position angle of the 2D Gaussian; (5) maximum H2 col-
umn density of the 2D Gaussian.
The 12CO(1−0) linewidths are in the 0.5−5.6 kms−1 range
and the 13CO(1−0) linewidths in the 0.28−3.3 kms−1 range, sim-
ilar to the values found by Wu et al. (2012). In most cases we ob-
served the 12CO(1−0) and 13CO(1−0) lines in our clumps at sim-
ilar vLSR velocities as previous existing measurements detected
them (Dame et al. 2001; Wu et al. 2012). For other clumps, the
differences in the detected central velocity could be explained
by the lower spectral resolution (2 kms−1) and sparser sampling
(8.5′) of the previous measurements. For example, we observed
two lines at ≈ 1.5 and 6.5 kms−1 towards G188.24-A, while
Dame et al. (2001) only detected one line around 0.7 kms−1. We
did not detect the −16 and −9 kms−1 components observed by
them towards G139.60-A only the velocity component around
35 kms−1. Towards the GCC field containing the clumps G37.91-
A and G37.91-B they detected two 12CO(1−0) velocity compo-
nents around 11 kms−1 and 30 kms−1. The higher velocity line
component dominates their spectrum and they assume that it
corresponds to background emission, while the other line cor-
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responds to the cloud. However, we did not detect the 11 kms−1
line in our data, only the higher velocity component.
The five-point 12CO(1−0) maps were searched for system-
atic changes in the central velocities of the lines and in 13 clumps
signs of a velocity gradient higher than 3 times our channel width
was found across the size of the five-point map (66 ′′). The real
gradient can be calculated using the distances of the clumps
(see Sect. 3.3). The highest velocity gradient, 4.25 kms−1pc−1
in an east-west direction was measured in the clump G141.25-
A. In G159.23-C a 2 kms−1pc−1 velocity gradient can be ob-
served in the east-west direction and the other clump in the same
GCC field, G159.23-A also shows gradients towards the east
(0.87 kms−1pc−1) and north (0.27 kms−1pc−1). The more distant
G126.24-A has a gradient of 1 kms−1pc−1 to the south.
3.2. Physical parameters in the clumps
Table 3 lists the physical properties of the gas at the centre of the
clumps calculated with the equations in Sect. 2.3.1 and 2.4. The
error bars of the line-based parameters were calculated by propa-
gating the uncertainties of the Gaussian function fits of the lines
and the uncertainties of the continuum-based parameters origi-
nate mainly from the calibration error of the SPIRE maps and
the modified blackbody function fit. The excitation temperatures
of the clumps are between 8.5 and 19.5 K, most clumps have
temperatures between 10 and 15 K and the coldest clumps are
G26.34-A and G174.22-B with ≈ 9 K. Two clumps, G139.60-A
and G195.74-A have excitation temperatures of 23 and 32 K but
both clearly host a YSO as seen on the maps by Montillaud et al.
(2015).
The Herschel-based dust colour temperatures are more uni-
form: all the clumps show Tdust values between 12 and 16 K and
the histogram peaks at 14 K. The Tdust values do not correlate
well with the derived excitation temperatures. The reason for
this is that dust and gas in the interstellar matter are only coupled
at volume densities above ≈ 105 cm−3 (Goldsmith 2001), which
are typically not traced by our observed molecules. The peak
N(H2)dust in the clumps have values from 0.6−40× 1021 cm−2
but more than half of the clumps have column densities under
1022 cm−2. The densest clumps are G195.74-A, G69.57-A and
G70.10-A with peak N(H2)dust ≥ 3× 1022 cm−2. The Herschel-
derived τ250 and T dust maps of our GCC fields are shown in
Fig. B.1-B.2, where the 2D Gaussians fitted to the clumps are
overplotted and the clump names are shown as well. The param-
eters of the fitted 2D Gaussians of the clumps are in Table 4.
The sizes of the clumps on the plane of the sky have a median
value of 10 square arcminutes with G71.27-A being the most
extended with 34.8 arcmin2 and G189.51-A the smallest with
3.1 arcmin2. The centres of the fitted 2D Gaussian functions are
usually very close to the peak position on the Herschel N(H2)dust
map. The difference between them is generally under 1.5 ′′, ex-
cept in the case of G37.49-A and G116.08-A where it is around
15′′. The most elongated clumps are G70.10-A, G115.93-A
and G141.25-A, while G26.34-A, G39.65-B and G116.08-A are
nearly circular. Almost all our clumps are well resolved by the
Herschel observations or at least resolved in one direction and
marginally resolved in the other direction (G141.25-A, G189.51-
A). The peaks of the Herschel-derived N(H2)dust maps coin-
cide with the measured highest integrated intensity values on
the 12CO(1−0) five-point maps only in 5 clumps (G37.49-A,
G91.09-A, G95.76-A, G116.08-A, G139.60-A) but a more de-
tailed analysis of the differences of the peaks cannot be made
without larger spectral mapping.
The lower and upper limits of the 13CO column densities,
N(13CO)l and N(13CO)u are between 0.5−44×1015 cm−2,
resulting in N(H2)gas line-based column densities of
0.5−44×1021 cm−2 using a 13CO abundance of 10−6. Fig.
1 shows the correlation of N(H2)gas with the Herschel-based
peak H2 column densities. The error bars on N(H2)gas represent
the interval between the calculated lower and upper limits
of the value, while the circles mark the values calculated
with the derived excitation temperatures, where possible.
The uncertainties of N(H2)dust again come from the error of
the τ250 map at the centre position of the clump. The figure
shows a similar correlation to the one found by Parikka et al.
(2015). The two values have a linear correlation coefficient of
r= 0.85 with a 95% confidence interval of 0.72−0.92. We find
a linear least-squares fit corresponding to a 13CO abundance
of 0.8± 0.1× 10−6. Considering the uncertainties of the linear
fit parameters this is close to the 1−1 correlation. However, as
discussed before, optical depth effects of the 13CO emission
and the variation of the 13CO relative abundances can shift
the fitted line. The real scatter also might be smaller or larger
than in the figure. The factors contributing to the uncertainty
of gas- and dust-based H2 column densities are summarized in
Sect. 4.1. The correlation with T dust is also shown in the figure
with colour code. Clumps with T dust < 14 K (corresponding to
the average dust temperature in our sample) appear only above
N(H2)dust = 0.4× 1022 cm−2, but some warmer clumps with
T dust ≥ 14 K have high column densities e.g. G195.74-A with
T dust = 14.3 K has the highest peak N(H2)dust in the sample.
3.3. Clump distances
The distances of more than one hundred GCC fields were pro-
vided by Montillaud et al. (2015) using extinction method, kine-
matic distance calculation (based on the surveys of Dame et al.
(2001) and Wu et al. (2012)) and association with molecular
cloud complexes or star clusters. They included reliability flags
with their results that indicate the level of confidence of the
adopted distances: a flag equal to 2 indicates a good level of
confidence due to the agreement of the used methods, a value of
1 indicates a reasonable estimate which needs to be confirmed
independently and a value of 0 indicates unreliable estimates.
They have distance estimates for all but 3 out of our 35 clumps:
9 clumps have distances with a reliability flag of 2, 15 clumps
have distances with a flag of 1 and 8 clumps only have an es-
timate with a reliability flag of 0. Since the spatial and spectral
resolution of our survey is higher than what was used by them,
we also performed kinematic distance calculations to assess the
confidence of the distance estimation of our clumps, to verify the
previous results or provide more reliable numbers. We used the
revised method of Reid et al. (2009) and similarly to the work
of Montillaud et al. (2015) the kinematic distances were calcu-
lated both assuming a source peculiar velocity of 0 kms−1 and
−15 kms−1 compared to the rotation of the Galaxy. The error in
the 13CO vLSR velocities was assumed to be a conservative value
of 1 kms−1.
We chose the near solution versus the far solution where the
two were not equal, since these galactic cold objects are expected
to be mostly under 2 kpc distances. This is supported by the
fact that most of our clumps (except G91.09-A, G109.18-A and
G141.25-A) can be seen in optical extinction maps. The three
exceptions have a higher Galactic latitude (around 30◦) there-
fore are likely to be close-by. The far solution can be also re-
jected in most cases since it generally would imply unrealistic
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Table 5. The kinematic distances of the clumps.
ID L F D Dkin(vs=0 kms−1) Dkin(vs=-15 kms−1) Dadopted
[kpc] [kpc] [kpc] [kpc]
G26.34-A 1 1 1.000 ± 0.300 0.52 ± 0.07 1.05 ± 0.07 1.000 ± 0.300
G37.49-A 1 0 0.800 ± 0.600 0.60 ± 0.06 1.22 ± 0.06 0.800 ± 0.600
G37.49-B 1 0 0.800 ± 0.600 0.62 ± 0.06 1.25 ± 0.06 0.800 ± 0.600
G37.91-A 1 1 1.060 ± 0.790 1.71 ± 0.06 2.34 ± 0.06 1.700 ± 0.700
G37.91-B 1 1 1.060 ± 0.790 1.76 ± 0.06 2.40 ± 0.06 1.700 ± 0.700
G39.65-A 1 1 1.500 ± 0.500 1.45 ± 0.06 2.11 ± 0.06 1.500 ± 0.500
G39.65-B 1 1 1.500 ± 0.500 1.37 ± 0.06 2.02 ± 0.06 1.500 ± 0.500
G39.65-B 2 1 1.500 ± 0.500 1.54 ± 0.06 2.20 ± 0.06 1.500 ± 0.500
G62.16-A 1 1 1.110 ± 0.350 0.33 ± 0.08 1.67 ± 0.12 1.110 ± 0.350
G69.57-A 1 1 1.780 ± 0.810 0.32 ± 0.11 2.90 ± 0.72 1.780 ± 0.810
G69.57-B 1 1 1.780 ± 0.810 0.17 ± 0.11 2.91 ± 0.72 1.780 ± 0.810
G69.57-B 2 1 1.780 ± 0.810 0.43 ± 0.12 2.91 ± 0.72 1.780 ± 0.810
G70.10-A 1 1 2.090 ± 0.830 0.19 ± 0.11 2.82 ± 0.73 2.090 ± 0.830
G70.10-B 1 1 2.090 ± 0.830 0.58 ± 0.12 2.86 ± 0.73 2.090 ± 0.830
G71.27-A 1 - ... 5.74 ± 0.10* 1.63 ± 0.30* ...
G91.09-A 1 - ... 2.53 ± 0.12* 0.40 ± 0.39* ...
G95.76-A 1 0 0.800 ± 0.100 1.71 ± 0.12 ... 0.800 ± 0.100
G95.76-B 1 0 0.800 ± 0.100 1.76 ± 0.12 ... 0.800 ± 0.100
G109.18-A 1 0 0.160 ± 0.160 1.08 ± 0.09 ... 0.620 ± 0.460
G110.62-A 1 1 0.440 ± 0.100 1.51 ± 0.08 0.33 ± 0.10 0.385 ± 0.160
G115.93-A 1 0 0.650 ± 0.500 1.00 ± 0.08 ... 0.650 ± 0.500
G115.93-B 1 0 0.650 ± 0.500 1.04 ± 0.09 ... 0.650 ± 0.500
G116.08-A 1 1 0.250 ± 0.050 0.77 ± 0.08 ... 0.250 ± 0.050
G126.24-A 1 1 1.000 ± 0.200 1.78 ± 0.08 0.96 ± 0.07 1.000 ± 0.200
G139.60-A 1 2 2.500 ± 0.500 3.14 ± 0.10 2.39 ± 0.10 2.500 ± 0.500
G141.25-A 1 1 0.110 ± 0.010 0.32 ± 0.07 .... 0.215 ± 0.115
G159.12-A 1 0 0.800 ± 0.800 ... ... 0.800 ± 0.800
G159.23-A 1 2 0.325 ± 0.050 0.86 ± 0.12 0.39 ± 0.11 0.325 ± 0.050
G159.23-C 1 2 0.325 ± 0.050 0.41 ± 0.11 ... 0.325 ± 0.050
G171.35-A 1 - ... ... ... ...
G174.22-A 1 2 2.000 ± 0.400 72.6 ± 49.0* 67.8 ± 46.3* 2.000 ± 0.400
G174.22-B 1 2 2.000 ± 0.400 9.60 ± 1.60* 8.53 ± 1.54* 2.000 ± 0.400
G188.24-A 1 2 0.445 ± 0.050 0.86 ± 0.30* 0.32 ± 0.28* 0.445 ± 0.050
G188.24-A 2 2 0.445 ± 0.050 2.54 ± 0.42* 1.90 ± 0.40* 0.445 ± 0.050
G189.51-A 1 2 0.445 ± 0.050 3.19 ± 0.40* 2.51 ± 0.38* 0.445 ± 0.050
G195.74-A 1 1 1.000 ± 0.500 1.01 ± 0.16 0.44 ± 0.15 1.000 ± 0.500
G203.42-A 1 2 0.400 ± 0.100 1.67 ± 0.12 1.05 ± 0.12 0.400 ± 0.100
G205.06-A 1 2 0.400 ± 0.100 1.57 ± 0.12 0.95 ± 0.11 0.400 ± 0.100
Notes. The columns are: (1) ID of the clump; (2) number of the velocity component; (3) distance reliability flag by Montillaud et al. (2015); (4)
distance estimate by Montillaud et al. (2015); (5,6) kinematic distance calculated from our 13CO(1−0) data with source peculiar velocity vs=0 and
-15 kms−1; (7) adopted distance value. Asterisk marks the kinematic distance results that we rejected according to Sect. 3.3.
Galactic altitudes, while the vertical scale height of the molecu-
lar material in the Galaxy is around 70−80 pc (Bronfman et al.
1988; Clemens et al. 1988). Thus even the near kinematic dis-
tance estimates of G71.27-A and G91.09-A will result in very
high Galactic altitudes. These distance results were rejected and
not used further. The clumps G174.22-A, G174.22-B, G188.24-
A and G189.51-A are located close to a Galactic longitude of
180◦ where the velocity component due to the rotation of the
Galaxy is the tangential component which cannot be measured
with spectroscopy. Indeed the calculated kinematic distances of
these clumps proved to be unrealistic and were not used further.
We also note that for nearby clumps distance calculations based
on galactic rotational properties are unreliable because peculiar
velocities dominate their measured vLSR values.
The calculated kinematic distances of the clumps are listed
in Table 5 along with the previously determined distances by
Montillaud et al. (2015). The rejected kinematic distance results
are marked with an asterisk. In case of clumps with reliability
flags of 2 the previous distance estimates were mostly based on
association with cloud complexes. We adopt these estimates for
these clumps since either at least one of our kinematic distances
is consistent with them or we do not have a reliable result for
them from the kinematic method. For most of the clumps with
reliability flags of 1 we also accept the previous estimates be-
cause at least one of our kinematic distance results is close to the
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value determined by extinction methods, making it more reli-
able. In the case of 4 clumps (G37.91-A, G37.91-B, G110.62-A
and G141.25-A) our kinematic distances were consistent with
but somewhat different from previous extinction-based values.
Here we adopt a mean value with a formal error that covers both
results. It was already noted in Sect. 3.1 that we only observed
the higher velocity 13CO line component towards the two clumps
G37.91-A and G37.91-B. Thus we adopted a higher distance
value for them with a smaller error bar that is still consistent
with the result of the extinction method but does not cover the
kinematic distance calculated from the low velocity component.
For G110.62-A our estimate with a vs =−15 kms−1 coincides
well with the spectroscopic distances of associated stars derived
by Aveni & Hunter (1969), thus we adopted 0.385± 0.16 kpc
which covers both values. The clump G141.25-A has a dis-
tance estimate from spectroscopic analysis of background stars
for the Ursa Major complex MBM29−31 that is associated with
the clump (Penprase 1993). Our kinematic distance estimate is
somewhat higher and a value of 0.215± 0.115 kpc was adopted
that covers both. The clump G126.24-A had only an extinction-
based distance estimate so far. Here our kinematic distance result
with vs =−15 kms−1 is consistent with that value and it was ac-
cepted. Finally, for the clumps with reliability flags of 0, we were
not able to significantly improve the previously determined dis-
tances, except in the case of G109.18-A where no kinematic dis-
tance calculation existed before. The extinction-based distance
cited by Montillaud et al. (2015) is 160 pc (Juvela et al. 2012)
but due to the lack of complementary data the value is highly
uncertain and received a flag of 0. Our result is much higher than
this (around 1 kpc), thus we adopted the mean of the extinction-
based and our kinematic result with an appropriately large error
bar that covers both values. The clumps G71.27-A, G91.09-A
and G171.35-A remain without reliable distance estimates. The
final, adopted distances are included in Table 5.
3.4. Clump stability
We use the adopted distances in Table 5 to perform the virial
analysis of the clumps. The uncertainties in clump mass are dom-
inated by the error of the distance, since the errors originating
from the uncertainties of τ250 and the conversion to N(H2)dust
(due to different RV values) are both less than 30%. Through the
calculated sizes of the clumps the virial masses are also affected
by the distance uncertainty. For this reason we only considered
the stability of clumps where the distance values are reasonably
reliable: the clumps with a flag of 1 and 2 and G109.18-A, where
we revised the previously calculated value. The clumps with two
velocity components were excluded from this analysis since the
dimensions and masses of the two structures corresponding to
the velocity components cannot be separated using a column
density map. The sizes, masses and virial masses of these clumps
are in Table 6, including the lower and upper limits of Mclump
clump mass and Mvir virial mass due to the distance uncertainty.
The virial mass calculations were done using the two limiting
temperatures (8.5 and 19.5 K). The errors of the FWHM sizes
were also calculated from the distance uncertainty.
The FWHM sizes of the clumps vary in the range 0.1−5 pc,
where the smallest is G141.25-A and the most extended are
G70.10-A, G70.10-B and G174.22-A. Considering the error in
the distance estimates, clump masses vary from 0.02 M to more
than 1600 M, covering a very wide range of values. From the
22 clumps with virial mass estimates eleven have masses lower
than either of the calculated virial masses, making these clumps
gravitationally unbound. Except G39.65-A and G62.16-A they
all have masses less than around 10 M, are mostly rather small
(from 0.18 to 0.5 pc) and are located closer to us (under 0.6 kpc).
The rest of the clumps tend to have larger distances and show
several hundred solar masses. Their stability cannot be decided
with a good reliability because of the large errors caused by the
distance uncertainty in both clump masses and virial masses.
4. Discussion
4.1. The temperatures and column densities of the clumps
According to Fig. 1 colder clumps have a peak
N(H2)dust > 4× 1021 cm−2 and N(13CO) > 5× 1015 cm−2 but
while most of the clumps with Tdust above 14 K have lower
densities, some of them show high values. The correlation of
the peak N(H2)dust and N(H2)gas seems to be good but there
are many factors that can affect their relation. As discussed
before, the line-based column densities are underestimated due
to optical depth effects. The radiative transfer models used to
investigate the optical depth and its effect on column density
in model clumps with similar densities as in our sample are
described in Appendix A.1 and A.2. With modelling (adopting
density-dependent abundances with a maximum value of
[13CO]/[H2] = 1.5× 10−6) we found that the gas-derived column
densities of our model clouds can have values by a factor of two
lower than the ones derived from dust emission. Differences
between N(H2)dust and N(H2)gas may also originate from the
uncertainties of N(H2)dust, the lack of background subtraction
and the use of the incorrect dust spectral index.
The agreement of the two values is also affected by the as-
sumed relative abundance of 13CO. Most studies find values
close to 2× 10−6, like 1.5× 10−6 in Taurus and 2.9× 10−6 in
Ophiuchus (Frerking et al. 1982), 2.3× 10−6 in IC5146 (Lada
et al. 1994) or 2.5× 10−6 in Perseus (Pineda et al. 2008). Har-
junpää et al. (2004) found values between 0.9−3.5× 10−6 in their
survey of the three globules B 133, B 335 and L 466. We use an
abundance of 10−6 in our calculations of N(H2)gas that results in
a good agreement seen on Fig. 1. We note that the abundance of
13CO can vary inside a clump as well, especially towards starless
clumps due to freeze-out.
We note that although we usually expect Tex to be somewhat
lower than Tkin, this may not be always the case. Since CO is not
the best in probing the temperatures inside the densest clumps
and we get less radiation from the clump centres, the observed
Tex could sometimes be higher than Tkin in the centre, even if
the true Tex were always locally lower than Tkin. The expected
Tex values inside the clumps were checked during the radiative
transfer modelling and according to the results we expect the
values of Tex and Tkin to be similar (thus the observed Tex limits
8.5 K and 19.5 K were used for the stability calculations as well).
Association with possibly embedded young star objects
(YSOs) could explain the high Tdust or Tex derived for some of
the clumps. According to the young star object candidate cata-
logue by Marton et al. (2016a) 26 of our clumps from the 35
have no associated Class I/II or Class III YSO candidates inside
a radius that equals to the major axis of their fitted 2D Gaus-
sian function. The clumps G37.49-A, G37.91-A and B, G69.57-
A and B and G139.60-A are associated with 1−1 Class I/II YSO
candidates, G39.65-A and G70.10-A have 2 associated Class
I/II YSO candidates. The clump G195.74-A is associated with
6 Class I/II YSO candidates. Additionally, 2 Class III YSO can-
didates were found associated with G70.10-A and 4-4 Class III
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Table 6. The calculated sizes and masses and adopted distances of the clumps.
clump ID FWHMx FWHMy PA D Mclump Mvir,8.5K Mvir,19.5K
[pc] [pc] [deg] [kpc] [M] [M] [M]
G26.34-A 0.52 ± 0.16 0.49 ± 0.15 44.6 ± 20.3 1.00 ± 0.30 21 – 72 13 – 23 20 – 36
G37.91-A 0.70 ± 0.29 0.44 ± 0.18 124.8 ± 6.6 1.70 ± 0.70 25 – 142 114 – 273 120 – 289
G37.91-B 0.96 ± 0.40 0.45 ± 0.19 112.8 ± 3.1 1.70 ± 0.70 20 – 115 48 – 115 57 – 136
G39.65-A 1.06 ± 0.35 0.45 ± 0.15 101.4 ± 1.7 1.50 ± 0.50 75 – 300 365 – 730 376 – 752
G62.16-A 0.74 ± 0.23 0.56 ± 0.18 20.1 ± 31.6 1.11 ± 0.35 3 – 11 33 – 63 42 – 80
G69.57-A 1.20 ± 0.54 0.65 ± 0.29 87.4 ± 1.5 1.78 ± 0.81 113 – 804 450 – 1201 460 – 1229
G70.10-A 2.75 ± 1.09 0.71 ± 0.28 168.8 ± 0.8 2.09 ± 0.83 306 – 1642 1137 – 2636 1161 – 2691
G70.10-B 1.99 ± 0.79 0.68 ± 0.27 15.1 ± 1.4 2.09 ± 0.83 183 – 982 738 – 1710 756 – 1751
G109.18-A 0.58 ± 0.43 0.29 ± 0.22 179.3 ± 2.3 0.62 ± 0.46 0.085 – 4 4 – 30 7 – 46
G110.62-A 0.25 ± 0.10 0.15 ± 0.06 128.6 ± 1.5 0.38 ± 0.16 2 – 9 6 – 15 9 – 21
G116.08-A 0.14 ± 0.03 0.12 ± 0.02 91.3 ± 10.0 0.25 ± 0.05 2 – 4 16 – 24 18 – 27
G126.24-A 1.38 ± 0.28 0.47 ± 0.09 23.9 ± 4.1 1.00 ± 0.20 5 – 12 22 – 33 38 – 57
G139.60-A 1.29 ± 0.26 0.94 ± 0.19 93.3 ± 2.7 2.50 ± 0.50 312 – 701 548 – 822 566 – 849
G141.25-A 0.18 ± 0.10 0.05 ± 0.03 105.9 ± 2.0 0.22 ± 0.12 0.02 – 0.2 2 – 7 3 – 11
G159.23-A 0.23 ± 0.04 0.12 ± 0.02 53.7 ± 2.7 0.32 ± 0.05 4 – 8 13 – 18 16 – 22
G159.23-C 0.25 ± 0.04 0.22 ± 0.03 131.3 ± 10.4 0.32 ± 0.05 3 – 5 16 – 21 20 – 27
G174.22-A 1.87 ± 0.37 0.67 ± 0.13 106.7 ± 0.8 2.00 ± 0.40 222 – 499 272 – 408 294 – 441
G174.22-B 1.40 ± 0.28 0.65 ± 0.13 135.1 ± 1.3 2.00 ± 0.40 109 – 246 195 – 292 212 – 318
G189.51-A 0.18 ± 0.02 0.09 ± 0.01 174.1 ± 2.9 0.44 ± 0.05 1 – 2 9 – 12 12 – 15
G195.74-A 0.49 ± 0.24 0.33 ± 0.17 30.0 ± 2.3 1.00 ± 0.50 30 – 270 72 – 217 76 – 229
G203.42-A 0.18 ± 0.04 0.13 ± 0.03 153.3 ± 12.7 0.40 ± 0.10 2 – 5 9 – 14 11 – 18
G205.06-A 0.34 ± 0.08 0.17 ± 0.04 155.4 ± 1.6 0.40 ± 0.10 3 – 9 19 – 32 23 – 39
Notes. The columns are: (1) ID of the clump; (2,3) FWHM size of the clump; (4) position angle of the clump; (5) adopted distance of the clump;
(6) mass of the clump; (7,8) virial mass of the clump calculated with T kin = 8.5 K and 19.5 K.
sources are associated with G37.91-A and G39.65-A (Marton
et al. 2016b). As mentioned previously the two clumps with
high Tex are clearly associated with YSOs both by Marton et al.
(2016a) and Montillaud et al. (2015).
4.2. The nature of the clumps
The ratio of gravitationally bound clumps was 5 out of 21 clumps
by Parikka et al. (2015) in their analysis of a similar GCC sample
and most core-sized clumps in our sample also seem sub-critical.
However, many of the more distant clumps have large distance
uncertainties that makes it difficult to assess their state. There
is a group of objects that have physical sizes close to 1 pc or
more, masses of more than a few hundred M and are located
at high distances (1−3 kpc). This suggests that they are large-
scale clouds or clumps that may contain many smaller clumps
or cores which remain unresolved in our observations. Some of
our objects have sizes of less than 0.3 pc and are at smaller dis-
tances, e.g. G110.62-A, G116.08-A, G141.25-A or G189.51-A.
These objects are closer to the traditional definition of individ-
ual cores, seem to be gravitationally unbound and none of them
are associated with young stars. We also find gravitationally
unbound objects that are larger than cores, like G39.65-A and
G126.24-A. The large-scale clouds or clumps are mostly dense
with peak N(H2)dust & 1022 cm−2 but they appear with both low
and high Tdust and Tex values (e.g. G195.74-A with Tdust = 14.3 K
and Tex = 23.4 K is dense and warm, while G174.22-B with
Tdust = 12.4 and Tex = 9.5 K is dense but cold). The large ratio of
gravitationally unbound, core-sized objects might be explained
by the 13CO emission overestimating the velocity dispersion in-
side the clumps since the line broadening due to optical depth
can cause an overestimate of the virial mass by a factor of up to
two, according to our models.
We compared the T90% values calculated on the respective
GCC fields of our clumps by Montillaud et al. (2015) to the virial
state of the clumps. The T90% value gives the temperature below
which 90% of the pixels are on the Herschel-derived dust colour
temperature maps of the GCC fields and is used as a proxy of
the intensity of the local interstellar radiation field. Montillaud
et al. (2015) found a correlation between T90% and Galactic ra-
dius which is consistent with the radiation field being stronger
in the inner Galaxy and examined the relation between this tem-
perature and the cumulative fractions of their sources. A corre-
lation between the boundedness of clumps and the surrounding
temperature would mean that clumps are more bound in colder
environments. This would support the implication that the heat-
ing by the surrounding visible−UV radiation field may prevent
the collapse of cores. We find that the average value of T90% is
17.1 K for the gravitationally unbound clumps and 16.4 K for the
larger clumps with higher mass and distance where the stability
cannot be assessed. Due to the large error in Mclump and Mvir and
the usual error of around 1 K in S PIRE-derived dust tempera-
ture maps in cold environments, the observed difference is not
significant enough.
5. Conclusions
We obtained good S/N, high spectral and spatial resolution
12CO(1−0) and 13CO(1−0) spectra in the direction of 35 clumps
on 26 fields selected from the Herschel GCC sample. Based
on the molecular line data, Tex and N(13CO) values inside the
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clumps were calculated and the far-infrared dust continuum
maps of Herschel were used to derive Tdust and N(H2)dust dis-
tribution.
The clumps in our sample have excitation temperatures gen-
erally between 8.5 and 19.5 K, with G195.74-A and G139.60-A
showing even higher values, suggesting the presence of embed-
ded YSOs. The derived dust colour temperatures are between
12−16 K. Clumps with temperatures above the average 14 K ap-
pear both at low and high column densities but colder clumps
have peak N(H2)dust above 4× 1021 cm−2. The gas- and dust-
based column densities of the clumps correlate well but can be
affected by many uncertainties from CO optical depth effects
to the assumed dust properties. We performed radiative trans-
fer modeling to predict CO emission, optical depths and column
densities to verify our results and estimate the uncertainties.
Kinematic distance calculations were performed using 13CO
line velocities in an attempt to obtain more reliable values. The
previous distance estimates of 5 clumps were refined by our new
results. We identified 11 gravitationally unbound clumps in the
sample with a few solar masses that are core-sized and are lo-
cated close-by. Large, massive objects were also found, which
are located at larger distances, suggesting that these clouds may
contain further cores and clumps. Some of these large objects are
associated with YSOs, while no young stars were found around
most of the unbound, core-sized sources. The dominant uncer-
tainty in assessing the state of our clumps originates from the
large errors in their distance estimates. No correlation was found
between the temperature of the surrounding environment and the
level of boundedness of the clumps.
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Appendix A: Tests with radiative transfer models
Appendix A.1: Modelling the line emission of Bonnor−Ebert
spheres
To further quantify the possible bias of the column density esti-
mates derived from 13CO spectra, we carried out radiative trans-
fer calculations for a series of spherically symmetric models.
The density distributions follow the Bonnor−Ebert solutions for
a kinetic temperature of 12 K, a stability parameter ξ = 6.7,
and with 0.3, 1.0, or 3.0 solar masses. The 12CO abundance is
fixed to 5 × 10−4. The 13CO abundance is varied in a range of
0.3-3.0 times the default value of 10−6. The turbulent linewidth
is σv=1 km s−1 and there is additionally a linear radial velocity
gradient that increases from zero at the centre to 1 km s−1 at the
cloud boundary (infall).
Line emission depends on the volume density, column den-
sity, velocity field, and kinetic temperature of the clouds. A
Bonnor−Ebert model may not accurately describe the density
profiles of our clumps. However, here it is only necessary that
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Fig. A.1. Ratio of the observed and the true 13CO column densities for
synthetic observations of Bonnor-Ebert spheres. There are three sets of
curves that corresponds to cloud masses of 0.3, 1.0, and 3.0 solar masses
(from right to left, colours red, green, and blue, respectively). The solid,
dashed, and dotted lines refer to averaging of the data (observed inten-
sity and true values) within 10%, 50%, and 100% of the cloud outer
radius. The length of each line corresponds to a variation of the 13CO
abundance between 0.3 and 3 times the default value of 10−6.
the models cover the relevant parameter space. The selected ki-
netic temperature and line widths are typical of the values listed
in Table 2 and indicated by the Tex values of Table 3. Already for
the default abundance of 10−6, the 13CO column densities range
from 1015 cm−2 to 1017 cm−2, covering the entire range of col-
umn density estimates in Table 3. The mass of the Bonnor−Ebert
spheres is a parameter that scales the cloud column density. The
model clouds have mean volume densities of 5.5× 103, 5× 104
and 5.5× 105 cm−3 while the real clumps have peak volume
densities between 4.5× 103 cm−3 and 3.2× 104 cm−3. Since all
used densities are above the CO critical density of 103 cm−3, the
model clumps are applicable for calculating excitation.
The radiative transfer calculations give 12CO and 13CO line
profiles as a function of the distance from the cloud centre. We
calculate the average spectra for emission within 10%, 50%, and
100% of the outer radius of the Bonnor-Ebert spheres. Using
the equations of Sect. 2.3.1, the peak antenna temperatures, and
the integrated area of the averaged 13CO spectra, we estimate
the “observed” 13CO column densities. For comparison, we ex-
tract directly from the cloud models the area-averaged values of
the peak 13CO optical depth and the true 13CO column density.
These are averaged over the same regions as the synthetic obser-
vations, to allow direct comparison.
Figure A.1 shows the ratio of the observed and the true col-
umn densities as a function of the true 13CO optical depth. The
ratio is mainly a function of the optical depth. The averaging of
the emission over the whole cloud results in some 20% lower
values (relative to the true values) than when the spectra rep-
resent the inner 10% of the model clouds. The main parameter
affecting the ratio of observed and true column densities is the
line optical depth. When the average optical depth of the 13CO
line is close to one, the observations underestimate the true col-
umn density by 20-40%. In these models, the error is likely to
remain below 50% up to optical depths of about τ = 3.
Appendix A.2: Modelling the continuum and line emissions of
two fields
To quantify the potential systematic errors in the column den-
sity estimates, we carried out radiative transfer modelling of the
continuum (Juvela & Padoan 2003, Juvela in prep.) and the line
emission (Juvela 1997) for the fields G26.34+8.65 and G195.74-
2.29, where the column densities are representative of the col-
umn density range of our clump sample. The models correspond
to a projected area of 30× 30′, which is much larger than the size
of the clumps, to avoid any border effect (e.g., strong tempera-
ture gradients near the model boundaries).
In the first stage, we create 3D cloud models that reproduce
the Herschel dust continuum observations at 250 µm, 350 µm,
and 500 µm. The models consist of 2003 cells with a cell size
equal to 9 ′′ on the sky. The dust properties are taken from Os-
senkopf & Henning (1994) and correspond to thin ice mantles
(after 105 years at density 106 cm−3). The model is appropri-
ate mainly for the densest regions. However, in this context one
of the most relevant parameters is the assumed ratio of hydro-
gen column density to sub-millimetre opacity, which affects the
density field used in the following line modelling. In our ba-
sic models this is τ250/N(H2) = 1.52 × 10−24 cm2. However,
the assumptions in Sect. 2.4 correspond to a value that is almost
twice as large and would thus result in model clouds with higher
N(H2)dust values and potentially larger problems for the column
density estimation. Thus, in the line modelling, we will also test
a case where the density values obtained from the continuum
modelling are scaled by a factor of 2. The density distribution
in the plane of the sky is constrained by the continuum observa-
tions. Along the line of sight, the density is assumed to follow a
profile
ρ(x) ∝
[
1 + (x/R)2
]−p/2
, (A.1)
where x is the line-of-sight distance from the model mid-plane, R
is set to a distance that corresponds to one arcmin on the sky, and
p= 2. The uncertainty of the density distribution along this axis
is a significant source of uncertainty. However, for the adopted
parameters the clumps have roughly similar extent along the line
of sight and in the plane of the sky.
The continuum observations are fitted in an iterative manner.
The strength of the external radiation field is scaled based on the
observed and modelled ratios between the 250 µm and 500 µm
bands. The ratios are estimated as averages over the central area
of 15× 15′. The 350 µm data are used, pixel by pixel, to adjust the
model column densities. The procedure leads to a model that re-
produces the 350 µm surface brightness (final relative errors be-
low ∼1%) and gives the correct average shape of the dust emis-
sion spectrum. In practice, the relative model errors at 250 µm
and 500 µm are also typically no more than ∼3%. The proce-
dure results in a 3D model of the density field and also provides
synthetic surface brightness maps at the three Herschel wave-
lengths. The surface brightness maps are analysed in a way sim-
ilar to the actual observations, resulting in 200× 200 pixel maps
of the dust optical depth. Because the 250 µm-500 µm spectral
index of the employed dust model is β= 1.92 instead of β= 2.0,
the dust-derived column densities are systematically overesti-
mated but only by ∼ 10%.
In the second stage, we use the derived density cube for the
radiative transfer modelling of the 12CO and 13CO lines. We as-
sume a maximum fractional abundance of 1.5× 10−6 for 13CO
(Frerking et al. 1982; Harjunpää et al. 2004). The abundances
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Fig. A.2. Comparison of column densities derived from radiative trans-
fer models of continuum and line emission. The dots correspond to all
the pixels within the central 15′ × 15′ areas of the G26.34+8.65 (blue
dots) and G195.74-2.29 (red dots) models. The coloured circles cor-
respond to the positions of the clumps listed in Table 1. The crosses
denote the column density estimates obtained assuming Tex = 14 K.
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Fig. A.3. Comparison of column densities derived from radiative trans-
fer models where the densities have been increased by a factor of two.
are further scaled by a factor
k =
16n2
5 × 105 + 16n2 , (A.2)
which depends on the local H2 density, n (in units cm−3). With
this scaling, the maximum abundance is reached only at densities
above n= 103 cm−3. The scaling still results in a faster rising of
abundance (as a function of density) than most of the models dis-
cussed in Glover et al. (2010). The gas kinetic temperature is set
to a constant value of 15 K. The model includes two components
of the velocity field, one below the model resolution (microtur-
bulence within individual cells) and one as random velocities
between the cells. We assume that the two components are equal
and together correspond to the observed 13CO line widths, under
the assumption of optically thin line emission.
The line radiative transfer modelling results in maps of
200× 200 12CO and 13CO spectra, each with a velocity resolu-
tion of 0.07 km s−1. We process these in a way similar as the ac-
tual observations. The spectra are fitted with Gaussian functions
and the analysis results in maps of the estimated 13CO column
density, also at 9 ′′ resolution. However, when Tex is derived from
the 12CO, we use the actual peak temperature instead of the peak
of the fitted Gaussian. Unlike in the real observations, the mod-
elled 12CO spectra are strongly self-absorbed and in the densest
regions therefore clearly double-peaked.
Figure A.2 shows the result of the modelling exercise with
the default densities. On the x-axis are the dust-derived column
densities where the scaling between dust optical depth and col-
umn density is done using a conversion factor that is correct
for the used dust model. On the y-axis are the estimates de-
rived from the synthetic line spectra, using the adopted maxi-
mum 13CO abundance used in the modelling. At low column
densities the gas-derived column density is more than four times
below the dust-derived values, because of the true abundance is
lower than assumed in the conversion to N(H2). For the lines of
sight towards the clumps, where the abundance should already
have reached its maximum value, the difference to dust column
density is smaller. However, the results are also different for the
positions of the two clumps, which are marked in the figure as
coloured circles. The estimated 13CO optical depths are mostly
below one but do rise to 1−1.5 in the two clumps.
Figure A.3 shows the results when the densities are set higher
by a factor of two. The dust-derived column densities are simply
multiplied by two 3 but the line calculations were repeated, start-
ing with the simulations of the radiative transfer.
The modelling suggests that, as long as the dust opacity and
the 13CO abundance used in the analysis are correct, there should
exist a fairly good correlation between the two column density
estimates. This is true only for the densest regions while in the
more diffuse regions the line-derived estimates decrease rapidly
because of the decreasing fractional abundances. In the higher
density models (more consistent with the assumptions of Sect.
2.4) the line analysis would be expected to lead to column den-
sities that are by a factor of two lower than the values derived
from dust emission.
Appendix B: Herschel τ250 and Tdust maps
Fig. B.1-B.2 show the optical depths of the clumps on 250 µm
and their dust colour temperature maps based on Herschel mea-
surements. Black ellipses mark the 2D Gaussians fitted to the
clumps and they are marked with the letter ID of the respective
clumps.
Appendix C: Spectra
Fig. C.1-C.5 show the 12CO(1−0) and 13CO(1−0) spectra ob-
served at the central position of each clump. Red line shows the
Gaussian profile fit(s) to the lines. Where only 13CO(1−0) mea-
surements were made, only one box appears.
3 In reality, the higher column density would also increase the amount
by which continuum analysis underestimates the true column density.
Thus, the adopted simple rescaling gives slightly higher and more cor-
rect estimates of N(H2).
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Fig. B.1. Herschel-based τ250 and Tdust maps of the clumps. Black ellipses mark the 2D Gaussians fitted to the clumps and they are marked with
the letter ID of the respective clumps. A white ellipse in the lower left corner shows the beam size of the Herschel map (37′′).
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Fig. B.2. Cont. Herschel-based τ250 and Tdust maps of the clumps. Black ellipses mark the 2D Gaussians fitted to the clumps and they are marked
with the letter ID of the respective clumps. A white ellipse in the lower left corner shows the beam size of the Herschel map (37′′).
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Fig. C.1. 12CO(1−0) and 13CO(1−0) spectra at the central position of each observed clump. Red line shows the Gaussian profile fit(s) to the lines.
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Fig. C.2. Cont. 12CO(1−0) and 13CO(1−0) spectra at the central position of each observed clump.
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Fig. C.3. Cont. 12CO(1−0) and 13CO(1−0) spectra at the central position of each observed clump. Red line shows the Gaussian profile fit(s) to the
lines.
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Fig. C.4. Cont. 12CO(1−0) and 13CO(1−0) spectra at the central position of each observed clump. Red line shows the Gaussian profile fit(s) to the
lines.
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Fig. C.5. Cont. 12CO(1−0) and 13CO(1−0) spectra at the central position of each observed clump. Red line shows the Gaussian profile fit(s) to the
lines.
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